Highly purified amyloplasts were isolated from cultured cells of sycamore (Acer pseudoplatanus L.). Incubation of amyloplasts with [Y-32P1-ATP resulted in the labeling of more than ten polypeptides. Pulsechase experiments showed the reversibility of the process with some but not all of the polypeptides. The phosphorylation reaction of one polypeptide, Mr 100, was shown to be calcium dependent. Although exogenously added pig brain calmodulin had no effect, the calmodulin antagonist W-7 strongly inhibited phosphorylation of the 100 kilodaltons polypeptide. The presence of endogenous calmodulin, about 1 to 3 micrograms per milligram protein, in the amyloplast preparation was estimated by activation of phosphodiesterase in vitro.
It is widely accepted that reversible, posttranslational phosphorylation ofproteins, catalyzed by protein kinase, modulates many intracellular metabolic processes subject to external stimuli (6) . In animal cells, cyclic AMP activates protein kinase, as originally studied with cyclic AMP-mediated interconversion of activeinactive molecular forms of glycogen synthase. In plants, protein phosphorylation has been demonstrated to occur in nuclear (25, 26) , ribosomal (9) , chloroplastic (2) and cytokinin-binding proteins (20) . However, cyclic AMP does not act as the second messenger and calcium-calmodulin system has instead been shown to regulate numerous biological and enzyme activities in plant cells (1, 8, 12, 17) . Calcium-dependent protein phosphorylation has also been reported in membrane fractions derived from corn coleoptiles (27) , zucchini hypocotyls (24) , and pea shoots (10) .
We report here the occurrence of protein phosphorylation in amyloplasts isolated from heterotrophically cultured sycamore cells and discuss the possible involvement of the reversible phosphorylation reaction in regulating starch metabolism in the nonphotosynthetic cells in contrast to that operating in chloroplasts. Enzyme Assays. The assay for 6-P-gluconate dehydrogenase and the separation of isozymic forms by DEAE-cellulose chromatography were performed as reported by Nishimura and Beevers (18) . Marker enzyme assays were performed as described in the literature: catalase (15) , Cyt-c oxidase (11) and PEP carboxylase (7). Protein content was determined according to Lowry et al. (14) .
MATERIALS AND METHODS
Phosphorylation of Proteins and Detection. The standard assay was performed at 25°C in MEM buffer containing amyloplasts (20-30 ug protein) and 10 mM MgCl2 in a total volume of 15 yl.
Reactions were started by addition of 50 gM [y-32P]ATP (1000-2000 dpm/pmol), terminated after 5 min by the addition of an equal volume of electrophoresis sample buffer, and the whole mixture was heated in a boiling water bath for 5 min. Boiled extracts were then centrifuged at 15,000g for 10 min and the supernatant fraction obtained, containing both membrane and soluble proteins, was subjected to SDS-PAGE (7.5-15% SDSacrylamide gel) and radioautography (13) . The negative x-ray film was scanned at 550 nm using a Shimadzu CS-910 scanner.
Determination of Calmodulin. Assay of calmodulin in the amyloplast extracts was performed as described by Wallace et al. (28) . Separation of AMP from cyclic AMP was carried out by reverse phase liquid chromatography according to the method described by Paliyath and Poovaiah (19) .
RESULTS AND DISCUSSION Purity of Amyloplasts. From our previous fluorescence microscopic examination using DNA-staining, it appeared that amy-'Abbreviations: MEM, mannitol-EDTA-Mops buffer; Mops, morpholinopropane sulfonic acid; PEP, phosphoenolpyruvate; 3-PGA, glyceric acid 3-phosphate.
Plant Physiol. Vol. 80, 1986 loplast preparations were virtually free of contamination by protoplasts, nuclei, and mitochondria (16) . However, as the amyloplast extracts exhibited substantial activities of 6-P-gluconate dehydrogenase, we suspected the presence of the plastidic and cytosolic isozymes in the sycamore cells, as in the case with castor bean endosperm (18) . The results of DEAE-cellulose column chromatography shown in Figure 1 clearly demonstrate the presence of one isozymic form of 6-P-gluconate dehydrogenase in amyloplasts, which can be used as a marker of the organelle. The specific activities (Mmol/mg protein-min) of marker enzymes for mitochondria, peroxisomes, cytosol, and amyloplasts were as follows: Cyt c oxidase (1 18 Figure 2A , lanes G to I (5 min pulse). However, addition of 2 mM nonlabeled ATP (10 min chase) resulted in a rapid loss of label from certain labeled polypeptides (lanes J to L), among which two polypeptides of Mr 66 and 59 kD appear to be of particular interest. The densitometric scan of results retraced in Figure 2B clearly show that although the phosphorylation offour major labeled polypeptides of 100, 38, 66, and 59 kD is saturated within 5 min incubation, the last two are found to be dephosphorylated within a 1 min chase with 2 Amyloplast extracts increased phosphodiesterase activity; cyclic AMP hydrolyzed (nmol/mg protein-min) being (a) 8.7 (no addition), (b) 29.3 (+ pig brain calmodulin, 100 mg), (c) 30.1 (+ amyloplast extracts, 30 Mg protein). This increase was counteracted by the addition of calmodulin antagonist W-7 (100 gM, 13 .6 nmol/mg protein min). The content of calmodulin in the amyloplast extracts assayed by the method of Wallace et al. (28) was about 1 to 3 Mg/mg protein.
The regulation mechanisms underlying starch formation in amyloplasts are largely unexplored. In chloroplasts, it is generally accepted that the ratio of 3-PGA/Pi is the determinant of ADPglucose pyrophosphorylase activity and thus regulates the formation of starch (22, 23) . Although the above ratio fluctuates with light/dark transitions, it is also well recognized that light directly affects some enzyme activities in the gluconeogenetic processes, e.g. fructose 1,6-bisphosphatase and phosphofructokinase (4). However, it is unlikely that the same regulatory mechanism(s) operate to control starch formation in the amyloplasts. It . 2C) (24) , and such a concentration can readily be attained in our assay system. It should be noted that Ca2+ has been detected in amyloplasts by ion microscopy (5). Addition of exogenous calmodulin was without effect, whereas the calmodulin antagonist W-7 caused a clear reduction in the labeling of 100 kD polypeptide. The activation of phosphodiesterase activity by the amyloplast extracts indicates the presence of endogenous calmodulin of about 1 to 3 gg/mg protein. This result explains the inability of the exogenously added calmodulin to increase phosphorylation of the 100 kD polypeptide. The system provides us the first opportunity to explore the functional role of Ca2+-dependent protein kinase in the regulation of starch synthesis and degradation in nonphotosynthetic plant cells at both the organellar and molecular levels.
